M
alaria remains one of the deadliest diseases in tropical countries, with about 219 million cases in 2010 and an estimated 660,000 deaths, primarily in children from sub-Saharan Africa (1) . Antimalarial drug resistance is a serious global health threat. To combat the development and spread of multiple drug resistance, artemisinin combination therapies (ACTs) such as artemether-lumefantrine, artesunate-amodiaquine, and dihydroartemisinin-piperaquine are now recommended worldwide for firstline treatment of uncomplicated Plasmodium falciparum malaria (2) . Although ACTs remain highly effective, reports of P. falciparum resistance to artemisinins from four Southeast Asian countries (Cambodia, Myanmar, Thailand, and Vietnam) are alarming (3) (4) (5) (6) . This has led to a concerted effort by the WHO and national ministries of health to execute containment efforts in the affected countries. However, there is a genuine concern that artemisinin resistance will spread in a pattern similar to that of chloroquine and antifolate resistance, which spread from Southeast Asia to Africa in the 1970s and 1980s. In addition to the potential demise of the artemisinins, there is concern regarding the development and spread of resistance to the partner drugs. Thus, to avert a global health disaster, there is an urgent need to develop new and effective antimalarial drugs as new partner drugs or to supplement existing ACTs.
In the 1960s and 1970s, there was renewed interest in antimalarial chemotherapy research due to the development and spread of chloroquine resistance. During this period, the U.S. Army Research Program in Malaria tested over 250,000 compounds for antimalarial activity (7) . By 1979, 43 different compounds from this program were selected for clinical trial evaluation. One of these, (4-(tert-butyl)-2-(tert-butylaminomethyl)-6-(4-chlorophenyl)phenol 965) , an aminomethylphenol, was highly potent against chloroquine-sensitive and chloroquine-resistant P. falciparum lines, with 50% inhibitory concentrations (IC 50 s) in the low-nanomolar range (8) . In the rodent-P. berghei model, WR-194,965 had a 50% effective dose (ED 50 ) of 2.2 mg/kg of body weight/day using the Peters 4-day test (9) . 965 at an oral dose of 27 mg/kg produced a 90% cure in Aotus monkeys infected with the multidrug-resistant P. falciparum Vietnam Smith strain (10) .
In a human challenge study, 750 mg WR-194,965 was orally administered every 12 h for 36 h to six human volunteers infected with the Vietnam Smith strain. Four of the six patients were cured. The two subjects who exhibited recrudescence (at 29 and 40 days posttreatment) were successfully cured with mefloquine, and subsequent in vitro tests showed that the parasites from these patients were sensitive to 965 (11) . Attractive features of WR-194,965 are a nonquinoline structure and good tolerance, but a major disadvantage was limited potency, which led to a cessation in its clinical development by the U.S. Army. Recently, Powles et al. (12) from Merck Research Laboratories (Rahway, NJ) reported on the in vitro and in vivo efficacy of MK-4815 (2-aminomethyl-3,5-di-tert-butylphenol), confirming the utility of the same basic aminoethyl phenol structure and demonstrating an improvement in potency over 965 .
We have conducted a comprehensive structure-activity relationship (SAR) study of this chemical series. This program led to the identification of 4-(tert-butyl)-2-((tert-butylamino)methyl)-6-(6-(trifluoromethyl) pyridin-3-yl)phenol (JPC-2997), a new aminomethylphenol which addresses the potency problems of WR-194,965. The SAR study will form the basis for a future publication. The structures of WR-194,965 and JPC-2997 are shown in Fig. 1 .
In this study, we describe the in vitro antimalarial and cytotoxicity of JPC-2997 and its in vivo antimalarial efficacy against P. berghei in mice and P. vivax in monkeys. Preliminary pharmacokinetic properties of JPC-2997 in mice and monkeys are also presented.
(Part of this work was presented previously by David Jacobus at the annual meeting of the American Society of Tropical Medicine and Hygiene, November 11 to 17, 2013, Washington, DC, USA.)
MATERIALS AND METHODS
Drugs. 4-(tert-Butyl)-2-((tert-butylamino)methyl)-6-(6-(trifluoromethyl)-pyridin-3-yl)phenol (JPC-2997 hydrochloride) and 4-(tert-butyl)-2-(tert-butylaminomethyl)-6-(4-chlorophenyl)phenol (WR-194,965 hydrochloride) were provided by Jacobus Pharmaceutical Company, and their synthesis will be described in detail elsewhere. Dihydroartemisinin was obtained from Vital Health Care (Mumbai, India) and Central Pharmaceutical Factory No. 1 (Hanoi, Vietnam), chloroquine diphosphate and mefloquine hydrochloride were obtained from Sigma (St. Louis, MO), atovaquone from GlaxoSmithKline (Middlesex, United Kingdom), pyronaridine tetraphosphate from Shin Poong Pharm (Seoul, South Korea), and piperaquine tetraphosphate from Waterstone Technology (St. Carmel, IN) and Central Pharmaceutical Factory No. 1 (Hanoi, Vietnam).
Parasites. Three laboratory-adapted P. falciparum lines were used in this study: D6 from Sierra Leone is chloroquine and pyrimethamine sensitive but mefloquine resistant, W2 from Indochina is chloroquine and pyrimethamine resistant, and TM90-C2B from Thailand is atovaquone, chloroquine, and mefloquine resistant. Isolates were cultured in RPMI 1640-LPLF medium (Gibco, Invitrogen Corporation, CA) containing 5.97 g/liter HEPES-free acid (Sigma St. Louis, MO), 2.0 g/liter D-glucose, 0.05 g/liter hypoxanthine, and 40 mg/liter gentamicin with the pH adjusted to 6.9 and freshly supplemented with 0.21% sodium bicarbonate and 10% human plasma. Cultures were maintained at 1 to 8% parasitemia and 4% hematocrit (O ϩ red blood cells) in an atmosphere of 90% N 2 , 5% O 2 , 5% CO 2 , at 37°C (13) .
In vitro antimalarial activity. For in vitro antimalarial activity assessment, WR-194,965 and JPC-2997 compounds were dissolved in dimethyl sulfoxide (DMSO) and dihydroartemisinin was dissolved in 100% methanol, whereas piperaquine and chloroquine were dissolved in 50% methanol-50% water. All drugs were subsequently diluted in culture medium (without hypoxanthine) containing 10% human plasma. Residual methanol and DMSO concentrations were found to be too low to inhibit parasite growth (data not shown). Testing of parasite susceptibility to JPC-2997 and chloroquine was carried out by measuring the inhibition of [ 3 H]hypoxanthine uptake (14) . Briefly, highly synchronous ring-stage parasite cultures produced by several rounds of D-sorbitol selection (15) were exposed to 10 2-fold dilutions of the compounds (in triplicate) in 96-well flat-bottom microtiter plates at 37°C for a total of 48 h. Each well contained 100 l of parasite culture at 2% hematocrit and 1% parasitemia in culture medium prepared as described above but lacking hypoxanthine. A 20-l (0.2-Ci) aliquot of [ 3 H]hypoxanthine was added to each well ϳ24 h after commencement of the assay. Parasite DNA was harvested onto glass fiber filters, and radioactivity was counted to generate [ 3 H]hypoxanthine uptake (counts per minute) versus drug concentration (log values) curves. IC 50 s were determined using a nonlinear regression analysis (GraphPad Prism V5.0; GraphPad Software, Inc., CA) and were defined as the concentrations producing 50% inhibition of uptake of [ 3 H]hypoxanthine by parasites compared with compound-free samples (controls).
In vitro cytotoxicity assay. Compounds were tested for in vitro cytotoxicity against two human cell lines, HEK293 (human embryonic kidney) and HepG2 (human hepatocellular carcinoma), and BHK (baby hamster kidney) cells by the alamarBlue (Invitrogen Corporation, CA) fluorescent cell viability assay (16) . Cell cultures were maintained in RPMI 1640 medium (Sigma, MO) containing 10% fetal bovine serum and 0.03% L-glutamine (termed complete medium) in 75-cm 2 flasks at 37°C, with the medium changed twice weekly. Cells from 60 to 80% confluent cultures were trypsinized, washed in complete medium, and plated at 5 ϫ 10 3 cells per well in 135 l of complete medium in 96-well flat-bottom plates for 24 h at 37°C prior to the addition of the compounds. Triplicate 15-l aliquots of JPC-2997 and WR-194,965 compounds and the reference drugs chloroquine, dihydroartemisinin, and piperaquine covering 11 2-fold dilutions were added to the wells and mixed gently, and plates were incubated for 72 h more. Controls included compound-free wells with DMSO (vehicle) as positive controls and cell-free wells with medium only, which were used for background subtraction.
Following incubation for 72 h, the culture medium was removed, and 50 l of 10% alamarBlue in complete medium was added to each well for 2 h more. The fluorescence from the wells was measured using a GENios Plus microplate reader and XFluor4 software, using a 530-nm excitation filter and a 595-nm emission filter. Data were obtained from at least two independent experiments for each cell line and analyzed using GraphPad Prism V5.0. The selectivity index (SI) was calculated using the IC 50 s derived from mammalian cells divided by the IC 50 s obtained against the P. falciparum D6 line.
In vivo antimalarial studies of P. berghei in mice. The in vivo efficacy of JPC-2997 and WR-194,965 was determined in three murine malaria models: the Peters 4-day test (17) , the modified Thompson test (18) and the test for onset of action and time to recrudescence (19, 20) . The Peters 4-day test measures the suppressive activity of blood schizontocides over 4 days at a tolerated dose that does not cause physical stress in healthy mice. Swiss outbred ARC (Animal Resource Centre, Murdoch, Western Australia, Australia) female mice 5 to 6 weeks of age (weight 24 to 32 g), in groups of six, were inoculated intraperitoneally with 20 ϫ 10 6 P. bergheiinfected erythrocytes of the chloroquine-sensitive ANKA strain. Untreated control mice typically die between days 6 and 7 postinfection. Drugs were dissolved in Tween 80-ethanol (7:3, vol/vol), diluted 10-fold in distilled water, and administered subcutaneously (s.c.) or orally (p.o.) at about 2 h after parasite inoculation (D0) and daily for 3 consecutive days. Thin blood smears were made on D4 and stained with Giemsa. The degree of infection (parasitemia, expressed as a percentage of infected erythrocytes) was determined microscopically. The ED 50 and ED 90 (50% New Aminomethylphenol Effective against Plasmodium and 90% effective doses) were calculated by nonlinear regression analysis using GraphPad Prism V5.0, and mean ED 50 and ED 90 were based on at least two independent experiments.
The modified Thompson test measures the survival of mice and parasite clearance in an established infection following administration of the drug at D3 to D5 postinfection. CD-1 male or female mice 5 weeks of age (Charles River Laboratories, Wilmington, MA; weight, 24 to 30 g), in groups of seven, were infected with 5 ϫ 10 5 parasitized erythrocytes of chloroquine-sensitive P. berghei KBG-173 strain. By D3 postinfection, parasitemia was about 1%. This strain produces reliable parasitemia and death in CD-1 mice. The strain is maintained in vivo in Swiss mice and has been used for more than 20 years to test susceptibility to a wide range of antimalarial drugs. Drugs were mixed in 0.5% hydroxyethylcellulose and 0.1% Tween 80 and administered via oral gavage either once daily at 24-h intervals or twice daily 6 h apart on days 3, 4, and 5 postinfection. Blood smears were taken on D6 and twice a week thereafter, from day 10 until the end of the test on day 31. Mortality data were tabulated for 31 days. Mice that survived for 31 days and were blood film negative were considered cured.
The test for onset of drug action and time of recrudescence measures the speed of parasite clearance by a candidate compound and the time at which recrudescence occurs after a single dose. This was done by administering a single oral dose of 100 mg/kg at day 4 after infection of groups of ARC female mice (n ϭ 6) intraperitoneally with 10 ϫ 10 6 P. bergheiinfected erythrocytes (ANKA strain). Untreated control mice typically achieve a parasitemia of about 20% by day 4 postinfection. Drugs were mixed in ethanol-Tween 80-water (10:10:80 [vol/vol/vol]). To monitor the reduction in parasitemia blood smears were collected at 12 h intervals for the first 96 h after dosing, and then daily from day 5 to 17, followed by collections every 2 to 3 days until day 30.
Preliminary pharmacokinetics of JPC-2997 in mice. Single-dose escalating studies of JPC-2997 were carried out in healthy ARC female mice (aged 6 to 9 weeks, weighing between 23 and 40 g). Groups of five mice were treated with 2.5, 5, 10, 20, and 40 mg/kg of JPC-2997. The mice, anesthetized with carbon dioxide, were sacrificed by cardiac puncture at 0 h (before dosing), at 1, 3, 6, 12, 24, 48, 72, 96, and 120 h, and then at days 7 and 14 following oral administration. Blood samples (ϳ0.7 ml) were collected using lithium heparin as the anticoagulant. After 0.2 ml of blood had been separated, the remaining blood was centrifuged at 16,000 ϫ g at 4°C for 5 min, and plasma was separated. Blood and plasma samples were stored at Ϫ80°C until analysis, and concentrations of JPC-2997 were measured by liquid chromatography-tandem mass spectrometry (LC-MS/ MS) (see the supplemental material). The lower limit of quantification (LLOQ) of JPC-2997 in blood and plasma was 0.5 ng/ml, with an inaccuracy of Ͻ4.1%, using 50 l of sample. The interassay precision of analysis (percent coefficient of variation [CV]) for JPC-2997 in blood over the concentration range of 0.5 ng/ml to 2,000 ng/ml was Ͻ4.6% and in plasma over the concentration range of 0.5 ng/ml to 4,000 ng/ml was Ͻ9.4%.
Pharmacokinetic parameters were maximum drug concentration (C max ), time to reach maximum drug concentration (T max ), area under the concentration-time curve from 0 h to the last data point (AUC 0¡last ) and from the last data point to infinity (AUC last¡ϱ ), terminal half-life (t 1/2 ), apparent oral clearance (CL/F), and apparent volume of distribution (V/F). These parameters were determined from the blood and plasma concentration-time data by noncompartmental methods (21) . The blood-to-plasma concentration ratio was calculated using the ratio of AUC blood to AUC plasma .
In vivo efficacy of JPC-2997 in the Aotus monkey-P. vivax model. Naive splenectomized Aotus monkeys (n ϭ 3), weighing between 960 and 1,126 g, were inoculated intravenously with 1 ϫ 10 6 parasites of the P. vivax AMRU1 strain, which is resistant to chloroquine (22) . Three to four days after the onset of patency, monkeys were treated with 20 mg/kg JPC-2997 daily at 24-h intervals for 3 days by nasogastric tubulation. The drug was prepared and administered in 10% ethanol-1% Tween 80 -89% distilled water. Heparinized blood samples (20 l) were collected predose on day 0 (i.e., immediately before JPC-2997 administration), on days 1 and 2 immediately before the next dose, and then on days, 3, 4, 7, 11, 14, 21, and 28 at the same time of day after the start of treatment. Blood JPC-2997 concentrations were measured by LC-MS/MS. After treatment of monkeys, thick and thin blood smears were examined daily by counting parasitized erythrocytes against 500 leukocytes or 10,000 erythrocytes. When no parasites were detected, follow-up thick blood smears were examined twice a week for 62 days after the start of treatment. 
RESULTS
Aminomethylphenols are active against asexual blood stages of P. falciparum and have low cytotoxicity. The mean IC 50 s of JPC-2997 against the chloroquine-sensitive D6 and chloroquine-resistant W2 lines were 13 nM and 6.6 nM, respectively (Table 1) . In comparison to WR-194,965, JPC-2997 was 2.3-fold and 4.2-fold more active against the D6 and W2 lines, respectively. JPC-2997 was less active against the multidrug-resistant TM90-C2B line, with an IC 50 of 34 nM, but was 1.6-fold more active than WR-194,965. JPC-2997 was markedly more active than chloroquine but less active than dihydroartemisinin and piperaquine against the TM90-C2B P. falciparum line.
The mean IC 50 s for JPC-2997 determined in the cytotoxicity assay in three mammalian cell lines were relatively high (Ն36 M), resulting in SI values of Ն2,769, which are similar to those of chloroquine. Compared with WR-194,965, the SI of JPC-2997 was about 3-fold higher. Overall, JPC-2997 has a high selectivity index when antimalarial activity is compared to mammalian cytotoxicity.
JPC-2997 is highly active in vivo against rodent malaria. In the Peters 4-day test, JPC-2997 suppressed the P. berghei ANKA strain in mice with an ED 50 of 0.5 mg/kg/day following either subcutaneous or oral dosing ( Table 2) . JPC-2997 was 1.8-fold more active than either chloroquine (0.9 mg/kg/day) or piperaquine (0.9 mg/kg/day) but 2.5-fold less potent than dihydroartemisinin (0.2 mg/kg/day) after subcutaneous administration. When JPC-2997 was administered orally, it was more active than the reference standards chloroquine (1.1 mg/kg/day) by 2.2-fold, dihydroartemisinin (1.3 mg/kg/day) by 2.6-fold, and piperaquine (2.4 mg/kg/day) by 4.8-fold, based on their respective ED 50 s.
In the modified Thompson test, JPC-2997 produced 100% cure in mice infected with the P. berghei KBG-173 strain after single oral daily doses of 8 mg/kg for 3 days (total dose, 24 mg/kg) ( Table 3 ). In comparison, piperaquine was only 71% effective in curing mice when administered the same treatment regimen. Both JPC-2997 and piperaquine at a dose of 8 mg/kg given twice daily for 3 days were equally curative. WR-194,965 was 2-fold less active than JPC-2997, requiring a total dose of 96 mg/kg (i.e., 16 mg/kg twice daily for 3 days) to produce 100% cure (data not shown). In contrast to WR-194,965 and piperaquine, chloroquine administered at a total dose of 192 mg/kg cured no mice, and dihydroartemisinin at 192 mg/kg cured only 14% of mice.
The onset of action of JPC-2997 in the treatment of an established infection of P. berghei of about 20% parasitemia was compared with that of seven standard antimalarial drugs (Fig. 2) . The order of parasitemia clearance and the time of first blood smearnegative slides were as follows: dihydroartemisinin (36 h), piperaquine (36 h), pyronaridine (36 h), amodiaquine (60 h), chloroquine (60 h), atovaquone (96 h), JPC-2997 (120 h), and mefloquine (120 h) ( Fig. 2A) . After clearance of parasitemia, recrudescences commenced at the following times: 2.5 days for dihydroartemisinin, 6 days for chloroquine, 8 days for both amodiaquine and atovaquone, 12 days for mefloquine, and 20 days for JPC-2997 (Fig. 2B) . Of note, only two of six mice treated with JPC-2997 exhibited recrudescence, with the four mice remaining blood smear negative up to day 30 of follow-up. No mice treated with either piperaquine or pyronaridine exhibited recrudescence up to day 30 of observation.
Preliminary pharmacokinetics of JPC-2997 in mice. The mean blood and plasma concentration-versus-time profiles of JPC-2997 following single oral doses of 5 mg/kg and 20 mg/kg JPC-2997 are shown in Fig. 3 . The pharmacokinetics of JPC-2997, following escalating single oral doses from 2.5 to 40 mg/kg of JPC-2997 are summarized in Table 4 , and plasma JPC-2997 concentration-versus-time profiles are shown in Fig. S1 in the supplemental material. Although the blood sampling collection times did not provide an opportunity to determine the maximum plasma concentration and the time it was reached, it appears that JPC-2997 is rapidly absorbed, with the highest plasma concentrations being measured at 1 h postdose. Plasma concentrations of JPC-2997 in mice declined biphasically, with an elimination halflife of 49.8 h. The oral pharmacokinetics of JPC-2997 in mice over the dose range of 2.5 to 40 mg/kg were in general linear (Table 4) . JPC-2997 has a CL/F of 0.22 liters/h/kg with a V/F of 15.6 liters/kg. In mice, blood concentrations of JPC-2997 paralleled those of plasma (Fig. 3) , and the blood-to-plasma concentration ratio at various time points after the administration of 5 mg/kg or 20 mg/kg JPC-2997 was estimated at 0.7. The administered doses of JPC-2997 were well tolerated in the mice, with no observed adverse events such as vomiting, behavioral changes, or body weight changes.
JPC-2997 is highly potent in the treatment of malaria in the Aotus monkey-P. vivax model. Monkeys were patent by day 5 after intravenous inoculation of the AMRU1 strain. When parasitemia reached between 31,691 and 51,620 parasites/l of blood (geometric mean, 38,002 parasites/l; n ϭ 3), the monkeys were treated with 20 mg/kg JPC-2997 per day for 3 days. The geometric mean parasitemia declined to 29,944 parasites/l (range, 22,231 to 38,340/l) at 24 h and 11,371 parasites/l (range, 3,920 to 26,460/l) at 48 h after starting JPC-2997 treatment, a decrease in parasitemia of 21.2% and 70.1%, respectively, from the predose parasitemia value. The majority of parasites showed an irregular microscopic appearance, such as compact dark staining of cytoplasm and nonpigmented parasites, consistent with parasites being drug affected by day 2 posttreatment. By day 5, parasitemia had been cleared in all monkeys. Over a 62-day follow-up period there was no recurrence of parasites. The maximum blood concentration of JPC-2997 was 744 Ϯ 82 ng/ml (mean Ϯ standard 
DISCUSSION
In vitro antimalarial and cytotoxicity analyses. In this study, we showed JPC-2997 to be about 2-to 4-fold more active in vitro than WR-194,965 against both drug-sensitive and multidrug-resistant P. falciparum lines. There was a lack of cross-resistance between JPC-2997 and chloroquine with increased activity of JPC-2997 against the chloroquine-resistant W2 line but similar activity against the chloroquine-sensitive D6 line. In addition to its high antimalarial activity, JPC-2997 was several thousand-fold less cytotoxic in murine and human cell lines. The SI of JPC-2997 showed that it was about 3-fold less toxic than WR-194,965. Based on JPC-2997's superior in vitro antimalarial activity and favorable cytotoxicity profile compared to those of WR-194,965, further studies were performed to assess the in vivo antimalarial efficacy of JPC-2997, with comparisons to standard antimalarials.
In vivo efficacy in murine P. berghei models. The efficacy of JPC-2997 against patent infection in mice was demonstrated using two murine models. Studies against the chloroquine-sensitive P. berghei ANKA strain showed JPC-2997 to be highly active in suppressing infection in the Peters 4-day test, with a mean ED 50 of 0.5 mg/kg/day following either s.c. or p.o. dosing. The efficacy of JPC-2997 was about 2-fold higher than that of chloroquine and piperaquine. For comparison, Peters and Robinson observed similar activity between WR-194,965 (ED 50 of 2.2 mg/kg/day) (9), and Peters observed similar activity between WR-194,965 and chloroquine (ED 50 of 1.9 mg/kg/day) (17) following s.c. administration in mice infected with the chloroquine-sensitive P. berghei N strain.
In the modified Thompson test, JPC-2997 showed remarkably potent activity against the P. berghei KBG-173 strain, with a total dose of 24 mg/kg curing all infected mice, and was better than piperaquine when given once daily for 3 days. JPC-2997 was more effective than WR-194,965 and considerably superior to either chloroquine or dihydroartemisinin when given twice daily for 3 days. In addition to JPC-2997's impressive suppression and radical cure of blood-stage murine malaria, the drug was effective in preventing recrudescence in 66% (four of six) of infected mice treated with a single oral dose of 100 mg/kg, whereas recrudes- cence occurred in all mice treated with amodiaquine, atovaquone, chloroquine, dihydroartemisinin, and mefloquine. Overall, the oral potency of JPC-2997 is a major improvement over that of 965 .
In vivo efficacy in the Aotus monkey-P. vivax model. JPC-2997 at a dose of 20 mg/kg daily for 3 days was effective in curing Aotus monkeys infected with the P. vivax AMRU1 strain. The same regimen of chloroquine does not cure Aotus monkeys infected with AMRU1 (22) . Clearance of P. vivax malaria by JPC-2997 was comparable to that of P. berghei, taking about 4 to 5 days. Although parasitemia clearance was not rapid in the splenectomized monkeys, most parasites appeared to be drug affected 24 h to 48 h after the start of treatment, and in nonsplenectomized monkeys, parasite clearance might have been faster. We are planning to assess the in vivo efficacy of JPC-2997 against the chloroquine-resistant P. falciparum FVO strain in Aotus monkeys in the near future.
Pharmacokinetic analysis. Based on these favorable in vivo efficacy data, the pharmacokinetics of JPC-2997 in healthy mice showed linear kinetics in the oral-dose range of 2.5 to 40 mg/kg. It appears to be well absorbed and exhibits biphasic decline in both blood and plasma concentrations, with a relatively long elimination half-life of 49.8 h. JPC-2997's elimination half-life is longer than those of dihydroartemisinin (25 min) (23), amodiaquine (ϳ7 h) (24) , atovaquone (12 h) (25) , and mefloquine (17 h) (26) , and comparable to that of chloroquine (47 h) (27) but shorter than that of piperaquine (15 days) (28) . Unlike the quinoline antimalarials amodiaquine (29) , chloroquine (30) , and pyronaridine (31) , which concentrate in erythrocytes, JPC-2997 does not appear to accumulate in erythrocytes, with a blood-to-plasma concentration ratio of 0.7. However, accurately measuring JPC-2997's uptake into erythrocytes requires not only measurement of the blood-to-plasma concentration ratio but also knowledge of the unbound fraction of JPC-2997 in plasma, which is presently unknown, and the hematocrit of the blood sample. JPC-2997 has a low CL/F of 0.22 liters/h/kg, and its V/F of 15.6 liters/kg indicates that the drug is distributed to body tissues. From a pharmacokinetic perspective, the relatively long elimination half-life justifies JPC-2997 being a potential partner drug for antimalarial treatment or being used alone for prophylaxis.
Comparison with MK-4815. JPC-2997 and MK-4815 have comparable in vitro antimalarial activities in the low-nanomolar range against a broad spectrum of P. falciparum lines, with various levels of susceptibility to standard antimalarials. However, JPC-2997 is at least 2-fold more potent than MK-4815 against P. berghei KBG-173 strain, with no mice cured after a total dose of 48 mg/kg MK-4815 (16 mg on 3 days) using the modified Thompson test (data not shown). In contrast to JPC-2997, MK-4815 (12) has a higher clearance (1.26 liters/h/kg versus 0.22 liters/h/kg) and a much shorter elimination half-life in mice (4.5 h versus 49.8 h) and monkeys (14 h versus 259 h), suggesting that MK-4815 would have less posttreatment prophylaxis activity than JPC-2997.
Future application. The quinoline-derived Mannich bases amodiaquine and pyronaridine are in current use for the treatment of uncomplicated P. falciparum malaria as partner drugs with artesunate (2). Artesunate-amodiaquine (ASAQ Winthrop; Sanofi-Aventis) is a widely available ACT, with high efficacy in Africa (32-34) but variable potency in Southeast Asian countries because of tolerant amodiaquine strains (35) . In the past, amodiaquine administered alone for treatment or long-term prophylaxis of malaria has been associated with the severe adverse events agranulocytosis, hepatotoxicity, and neurotoxicities (involuntary movements/dystonia) (36, 37) . These adverse events are believed to be associated with the oxidative metabolism of amodiaquine forming toxic reactive iminoquinone metabolites (38, 39) . Since, JPC-2997 is not a quinoline derivative, it does not form toxic iminoquinone metabolites.
Compared with JPC-2997, amodiaquine is not as potent in suppressing murine malaria in the Peters 4-day test, with an ED 50 of 2.1 mg/kg/day (40) , and in the present study it was less effective in preventing recrudescence of the P. berghei ANKA strain. These favorable in vivo efficacy findings for JPC-2997 suggest that it may be a suitable partner drug with artesunate or as an addition to an existing ACT, such as dihydroartemisinin-piperaquine, to inhibit potential development of drug resistance. The latter concept is worthy of further consideration, as the elimination half-life of JPC-2997 lies between those of dihydroartemisinin and piperaquine.
In designing the next generation of drugs for malaria control and eradication, the Medicines for Malaria Venture (MMV) has developed target candidate profiles (TCP) that provide a "job description" for a new molecule to enter clinical development (41) . JPC-2997 fulfills the TCP-2 definition of a long-duration partner drug, capable of killing residual parasites that are not eliminated by a rapid-asexual-stage-clearance TCP-1 compound. Furthermore, because of JPC-2997's long half-life, it may be a suitable TCP-4 candidate compound for chemoprotection.
In summary, JPC-2997 is a highly potent compound against chloroquine-resistant P. falciparum lines with low cytotoxicity in mammalian cell lines. It possesses potent in vivo efficacy in the murine P. berghei and Aotus monkey-P. vivax models, with longlasting action in preventing recrudescences. After oral dosing, JPC-2997 is rapidly absorbed with a relatively long elimination half-life in mice and monkeys. Overall, the in vitro and in vivo antimalarial potency of JPC-2997 and its favorable pharmacokinetic properties suggest that the compound is worthy of further studies, including toxicological and metabolic evaluation and preclinical assessment.
